Neither uncorrected-nor albumin-corrected total calcium reliably predict ionized calcium in patients with end-stage renal disease. However, little is known about the consequences of inaccurate assessment of calcium concentration using total calcium.
H
ypercalcemia is an established risk factor for death among patients with end-stage renal disease (ESRD) (1) (2) (3) (4) (5) (6) (7) (8) . In the predialysis period, serum calcium concentrations decrease as kidney function declines because of decreased intestinal calcium absorption and diminished renal tubular reabsorption, which is attributed to blunted activation of vitamin D in the kidney resulting from elevated fibroblast growth factor-23 and reduced functioning renal mass (9 -11) . Serum calcium concentrations then rise following the initiation of hemodialysis (4), likely from decreased renal calcium excretion, active vitamin D treatment, calcium-based phosphate binders, and/or hyperparathyroidism. Elevated extracellular calcium levels, along with hyperphosphatemia, raise the risk of vascular calcification, which leads to the development of cardiovascular disease in this population (12) (13) (14) . Given these observations, current clinical practice guidelines for patients with ESRD suggest maintaining total serum calcium concentrations within the normal range (15) .
Approximately 45% of total serum calcium is in the form of physiologically active ionized calcium. However, in clinical practice, total calcium is typically measured in lieu of ionized calcium given its lower cost and less time and effort needed to process and test samples. Several correction equations using both total calcium and serum albumin have been developed to predict ionized calcium concentrations given the experimental findings that approximately 40% of total calcium is bound to albumin with a ratio of 0.8 mg of calcium per 1 g of albumin in normal subjects (16) . However, the proportion of albumin-bound serum calcium varies according to acid-base balance. Additionally, serum calcium also binds to multiple organic and inorganic anions including sulfate, bicarbonate, and phosphate. Previous studies have demonstrated that neither uncorrected nor corrected total calcium adequately predict ionized calcium concentrations in patients with advanced kidney disease (17) (18) (19) (20) , in part because of frequent accompaniment of metabolic acidosis, hyperphosphatemia, and high plasma sulfate concentrations. As a result, clinical practice guidelines also support ionized calcium measurement as the preferred method to evaluate calcium status in patients with advanced kidney diseases (15) .
Although the prevalence of high albumin-corrected total calcium (Ͼ10.2 mg/dl) has been decreased over time from 20% in the early 2000s to 4 -5% in the 2010s (21, 22) , there are currently few data regarding the implications of discrepant total and ionized calcium concentrations upon clinical outcomes in patients with ESRD. Because ionized calcium is infrequently measured in clinical practice, we examined a 5-year cohort of incident hemodialysis patients treated in facilities operated by a large dialysis organization in the United States, hypothesizing that hidden hypercalcemia (ie, elevated ionized calcium with normal total calcium) and apparent hypercalcemia (ie, elevated ionized calcium with elevated total calcium) are both associated with increased mortality risk.
Subjects and Methods
This study was approved by the Institutional Review Boards of the Los Angeles Biomedical Research Institute at HarborUniversity of California Los Angeles, University of California Irvine Medical Center, and the University of Washington as exempt from informed consent.
Patients
We extracted, refined, and examined electronic data from all incident dialysis patients who were age at least 18 years and received conventional hemodialysis treatment in facilities operated by a large dialysis organization in the United States from October 1, 2007, to December 31, 2011 (23) . We excluded patients who ever been treated with peritoneal dialysis, home hemodialysis, or nocturnal in-center hemodialysis from this study. Of 128 675 patients who were treated with conventional hemodialysis only during follow-up, we identified 1246 patients with 10 458 ionized calcium measurements. We excluded 48 measurements performed in between hemodialysis sessions (ie, during the interdialytic period), 84 measurements done in patients receiving cinacalcet, 87 measurements with extreme values (Ͻ0.5 or Ͼ99.5th percentile), and 174 measurements in patients dialyzed against Ͻ2.0 mEq/liter or Ͼ3.0 mEq/liter calcium. Because the fraction of ionized calcium against total calcium is influenced by serum concentrations of albumin, phosphorus, and bicarbonate (17-20, 33, 34) , we also excluded 668 measurements with missing simultaneous evaluation of these variables. We then restricted measurements to those obtained during the first 91 days of dialysis treatment. The final analytic cohort was comprised of 874 incident hemodialysis patients (Figure 1) .
Demographic, clinical, and laboratory measures
Information on race/ethnicity, primary insurance, access type, and International Classification of Diseases-9 codes were obtained from the electronic database of the dialysis provider. International Classification of Diseases-9 codes were used to determine the following comorbidities: diabetes mellitus, hypertension, dyslipidemia, atherosclerotic heart disease, congestive heart failure, cerebrovascular disease, and other cardiovascular disease. Blood samples were drawn using uniform techniques in all dialysis clinics and were transported to the central laboratory in Deland, Florida, typically within 24 hours. All laboratory values were measured by automated and standardized methods. Specifically, serum ionized calcium and albumin was measured by using ion-selective electrode and bromcresol green. Most blood samples were collected predialysis with the exception of the postdialysis urea that was obtained to calculate urea kinetics. Single-pool Kt/V delivered by dialysis was calculated using urea kinetic modeling equations (24, 25) . Albumin-corrected total calcium was calculated as follows (15): Corrected total calcium ϭ measured serum total calcium
Because serum concentrations of albumin, total calcium, phosphorus, and bicarbonate, and medication use (ie, oral/IV active vitamin D and calcium-based phosphorus binders) are closely related to calcium status, those data were extracted from the same days of ionized calcium measurements, whereas data for body mass index (BMI) and other laboratory variables including single-pool Kt/V, hemoglobin, creatinine, and ferritin, were extracted during the first 91 days of dialysis. Those repeated measures were then averaged and used in all analyses to minimize measurement variability.
Statistical analysis
Patient characteristics are expressed as mean Ϯ SD, medians (interquartile range), or percentages, as appropriate. Differences between included and excluded patients were compared by standardized differences because of the large sample size of this study (26, 27) .
Total and ionized calcium was categorized as low (Ͻ8.6 mg/dL and Ͻ1.16 mmol/liter, respectively), low-normal (8.6 to 9.4 mg/dl and 1.16 to 1.24 mmol/liter, respectively), high-normal (Ͼ9.4 to 10.2 mg/dl and Ͼ 1.24 to 1.32 mmol/liter, respectively), and high (Ͼ10.2 mg/dl and Ͼ1.32 mmol/liter, respectively). The -statistic measure was used to evaluate the interindex agreement for categories of calcium status.
Cox proportional hazards models were used to analyze the association between calcium status and all-cause mortality. For comparison between calcium indices, uncorrected total calcium, albumin-corrected total calcium, and ionized calcium values were also normalized by conversion to a Z score based on the normal range in the central laboratory (not a data-derived Z score) as follows (17) (18) (19) (20) : the lower and upper limits of the normal ranges for ionized calcium (1.16 and 1.32 mmol/liter) and total calcium (8.6 and 10.2 mg/dl) were treated as the 95% confidence intervals (CIs) and used to calculate the mean and SD by the formula "zscore ϭ measured value Ϫ mean SD ϫ 1.96"
where the mean and SD were 1.24 and 0.08 mmol/liter and 9.4 and 0.8 mg/dl for ionized and total calcium, respectively. The association of each Z score with mortality was then modeled using restricted cubic splines with knots placed at the fifth, 35th, 65th, and 95th percentiles of exposure. Median values of each calcium index were used as a reference. For each model, three levels of adjustments were used as follows: 1) minimally adjusted models that included age, sex, race, and ethnicity (non-Hispanic white, non-Hispanic Black, and other race/ethnicity), central venous catheter use as vascular access, and diabetes; 2) casemix adjusted models that included the above plus primary insurance (Medicare, Medicaid, and other), natural log-transformed BMI, and history of hypertension and cardiovascular disease); and 3) fully adjusted models that included all covariates in the case-mix model plus laboratory variables (ie, single-pool Kt/V; hemoglobin; serum concentrations of albumin, creatinine, phosphorus, and bicarbonate; and natural log-transformed intact PTH and ferritin) and medication use (active vitamin D [either oral or IV] and oral calcium salts [either calcium acetate or calcium carbonate]). Because of the limited number of outcomes, we used the minimally adjusted models as the primary analyses. When estimating the mortality risk of hidden hypercalcemia, we also used backwards Akaike's information criterion (AIC)-based Cox regression to the fully adjusted models, which included age, race and ethnicity, central venous catheter use, history of hypertension, hemoglobin, serum albumin, serum phosphorus, serum bicarbonate, the use of active vitamin D, and the use of oral calcium salts, to balance the tradeoff between precision and overfitting. Proportional hazards assumptions were tested using Schoenfeld residuals and log-log plots against survival.
The frequency of missing covariate data was low (1.0%, 0.1%, 0.6%, 0.6%, and 0.9% for single-pool Kt/V, hemoglobin, creatinine, and natural log-transformed intact PTH and ferritin, respectively), and multiple imputation method with five data sets was used in Cox regression analyses. Available data for oral medication use were limited to clopidogrel or medications related to lipid and bone mineral metabolism. Fourteen percent of patients had no available oral medication data, and they were considered nonusers of active vitamin D compounds or calcium salts. We conducted all analyses using STATA MP, version 13.1 (StataCorp).
Results

Baseline demographic, clinical, and laboratory characteristics
There were 874 patients who met eligibility criteria, among whom the mean Ϯ SD age was 63 Ϯ 15 years old, 57% were male, 55% were non-Hispanic white, 35% were non-Hispanic Black, 56% were diabetic, and 77% used central venous catheters as their vascular access dur- ing the first 91 days of dialysis treatment ( Table 1 ). The mean Ϯ SD concentrations of ionized calcium, uncorrected total calcium, and albumin-corrected total calcium were 1.19 Ϯ 0.10 mmol/liter, 8.6 Ϯ 0.7 mg/dl, and 9.1 Ϯ 0.6 mg/dl, respectively. Compared to excluded incident hemodialysis patients in whom ionized calcium, serum albumin, total calcium, phosphorus, and bicarbonate were not simultaneously measured during the first 91 days of dialysis treatment, included patients were less likely to be Hispanics or minorities; were more likely to be treated with lower dialysate calcium baths; and were more likely to have higher bicarbonate concentrations (standard differential Ͼ20%, Supplemental Table 1 ). In the overall cohort, 77 patients (9%) had hypercalcemia defined by ionized calcium (Ͼ1.32 mmol/liter) ( Table 1) .
We categorized patients into a low, low-normal, highnormal, or high calcium group based on each index, and then compared the concordance of calcium status between ionized calcium and uncorrected/corrected total calcium (Table 2) . Among 77 patients with high ionized calcium (Ͼ1.32 mmol/liter), 68 (88%) and 55 (71%) were incorrectly categorized as normocalcemic using uncorrected and corrected total calcium (Ͼ10.2 mg/dl), respectively. Likewise, among 284 patients with low ionized calcium (Ͻ1.16 mmol/liter), 55 (19%) and 164 (58%) were incorrectly categorized as normocalcemic using uncorrected and corrected total calcium (Ͼ10.2 mg/dl), respectively. Overall, the kappa statistics against ionized calcium status were 0.32 and 0.27 for uncorrected and corrected total calcium, respectively, indicating only a fair agreement with each index (28) .
Association of calcium indices with mortality
A total of 227 deaths were observed during a total follow-up period of 1174 patient-years, with an overall crude rate of death of 193 per 1000 patient-years. Figure 2 depicts the crude mortality and the adjusted hazard ratios (HRs) for all-cause death according to calcium status by uncorrected, corrected, and ionized calcium. The highest mortality was observed in patients with hypercalcemia regardless of calcium indices. In the minimally adjusted models (the primary analysis), the estimated HRs of hypercalcemia were high in uncorrected and corrected total calcium, but the number of events in these categories were limited (n ϭ 4 and n ϭ 9, respectively), and these associations were not statistically significant (Figure 2, B and C) . Meanwhile, 28 of 77 patients with hypercalcemia (Ͼ1.32 mmol/liter) defined by ionized calcium died during the follow-up, and ionized hypercalcemia showed a significantly higher mortality risk with an HR of 1.76 (95% Figure 2D ). High-normal ionized calcium (Ͼ1.24 -1.32 mmol/liter) was not associated with mortality (HR, 0.98 [95%CI, 0.67-1.42], P ϭ .90). Consistent findings were observed in the restricted cubic spline models by using Z scores of three calcium indices (Figure 3 ). High ionized calcium concentrations were significantly associated with death in the range beyond the upper normal limit of the central laboratory (Ͼ1.96 of Z score or Ͼ1.32 mmol/liter, the right vertical line; reference, 1.20 mmol/liter).
Hidden calcium abnormality and mortality
To examine the mortality risk associated with hidden calcium abnormality (ie, misclassification of calcium status using uncorrected and corrected calcium concentrations, in which ionized calcium served the "gold standard"), we conducted Cox regression analyses after categorizing patients into five groups, namely, "apparent hypocalcemia," "hidden hypocalcemia," "normocalcemia," "hidden hypercalcemia," and "apparent hypercalcemia" (Figure 4A ).
For uncorrected total calcium, the highest crude mortality was observed in patients with apparent hypercalcemia ( Figure 4B ). Patients with hidden hypercalcemia showed the second highest crude mortality rates next to apparent hypercalcemia. In the minimally adjusted models (primary analysis), the mortality risk was significant in patients with hidden hypercalcemia (HR, 1.75 [95% CI, 1.11-2.75], P ϭ .02) but not in those with hidden hypocalcemia (HR, 0.82 [95% CI, 0.45-1.50], P ϭ .52) (Figure 4C) . In the sensitivity analysis using backwards AICbased Cox regression, there was a trend toward a higher mortality risk of hidden hypercalcemia (HR 1.49 [95% CI, 0.94 -2.35], P ϭ .09).
For corrected total calcium, the highest crude mortality rate was observed in patients with apparent hypercalcemia ( Figure 4D ). Patients with hidden hypercalcemia and hidden hypocalcemia showed the second and third highest crude mortality rates. In the minimally adjusted models (primary analysis), the mortality risk was significant both in patients with hidden hypercalcemia (HR, 1.80 [95% CI, 1.11-2.90], P ϭ .02) and in those with hidden hypocalcemia (HR, 1.47 [95% CI, 1.05-2.06], P ϭ .02) ( Figure  4E ). Further adjustments for case-mix variables did not change these associations. The mortality risk of hidden hypocalcemia was attenuated and lost its statistical significance in the fully adjusted model, but the risk of hidden hypercalcemia remained significant. The mortality risk of hidden hypercalcemia was still significant in the sensitivity analysis using backwards AIC-based Cox regression (HR, 1.71 [95% CI, 1.05-2.78], P ϭ .03).
Discussion
To our knowledge, this is the largest study examining ionized calcium in patients with chronic kidney disease con- Boldface, normal, and italic fonts indicate underestimation, correct classification, and overestimation of ionized calcium status by uncorrected/corrected total calcium, respectively.
ducted to date. In this 5-year cohort of incident hemodialysis patients from a large dialysis organization in the United States, high ionized calcium was associated with higher mortality risk. However, we observed that there was only fair interindex agreement with calcium status between ionized and total calcium. Approximately 90% and 70% of patients with ionized hypercalcemia were incorrectly categorized as normocalcemic by uncorrected and corrected total calcium concentrations, respectively, and were considered to have "hidden hypercalcemia." When compared to normocalcemic patients, those with hidden hypercalcemia using either uncorrected or corrected total calcium had significantly higher mortality risk, as did those with apparent hypercalcemia. Our study is the first to demonstrate that hemodialysis patients with hidden hypercalcemia have higher mortality risk. The low correlation between ionized vs uncorrected or corrected total calcium has been shown in multiple previous studies (17) (18) (19) (20) . However, these findings have not been acknowledged well in clinical practice guidelines because of the lack of data showing that misclassification of calcium status is clinically relevant (15) . A recent cohort study of 160 hemodialysis patients did not find such an association between ionized calcium and all-cause death (29) . However, there were only three patients with ionized hypercalcemia (Ͼ1.32 mmol/liter), and the impact of the discrepancy between ionized and total calcium on survival was not examined. Our study found that the mortality risk appeared to increase with ionized calcium concentrations above the normal range irrespective of total calcium concentrations, suggesting that many hypercalcemic patients may not come to clinical attention when calcium status is evaluated by uncorrected or corrected total calcium concentrations alone.
Common criticisms of measuring ionized calcium include lower reproducibility, a more time-consuming process, and higher costs than total calcium measurements (30) . Clinical application of this technique requires periodic maintenance, electrode replacement with associated downtime, and redundancy of instrumentation and personnel (31) . However, the previously used colorimetric and biological assays have been replaced by much more reliable ion-sensitive electrodes that are available both in blood-gas instruments and automated chemistry analyz- press.endocrine.org/journal/jcemers with equivalent analytical coefficients of variation to total calcium (32) . Additionally, it is important when evaluating cost-effectiveness of a diagnostic test to weigh its measurement cost against potential medical costs induced by false-negative or false-positive diagnosis, especially when such misdiagnosis is associated with severe adverse events including cardiovascular disease and death. An important limitation of this study is that the large size of the dialysis organization may have limited optimal processing needed for measurements of ionized calcium. To optimally measure ionized calcium, samples should be collected and managed anaerobically with complete filling of the blood sampling tube to avoid change in pH resulting from a loss of carbon dioxide (33, 34) . A closed-tube automation system and analyzers would make serum ionized calcium measurement more reliable in clinical practice. Additionally, time to centrifugation and temperature during transfer also influences ionized calcium concentrations through pH change. However, those samples used in this study were collected for serum bicarbonate measurement as well. Several studies also demonstrated that serum ionized calcium can be measured without a significant error up to 24 hours from blood draw if samples are anaerobically collected and kept at below 4 C (35-37). Additionally, although ionized calcium concentrations in serum samples from dialysis patients show large positive and negative changes after 6-hour storage at 4 C, the mean difference across the patient population is low (37) . This finding suggests that the mean ionized calcium concentrations from an adequate number of subjects can be used to estimate the population-level associations with clinical outcomes, albeit vulnerable to bias toward the null.
Several other limitations of our study should be noted when interpreting our results. First, available ionized calcium measures may not be representative of the entire source population. Potential selection bias may exist, such that physicians may be likely to measure ionized calcium in patients with low dialysate calcium concentration or unstable patients with suspected disease conditions that may induce calcium abnormality. Second, the risk of hidden hypocalcemia, but not hidden hypercalcemia, might have been overestimated if there remained residual con- press.endocrine.org/journal/jcemfounding by central venous catheter use as vascular access. Indeed, heparin used for catheter lock lowers the fraction of ionized calcium by binding (33) , and catheter use is a risk factor for mortality in hemodialysis patients (38) . Third, the small sample size of patients with hidden or apparent calcium abnormality resulted in wide CIs for the estimated associations and might have inflated the likelihood of type II error in our analyses.
In conclusion, hidden hypercalcemia is common in incident hemodialysis patients and associated with higher mortality risk in this population. Prospective studies are needed to identify which subpopulations of chronic kidney disease patients who would most benefit from ionized calcium measurement vs routinely used uncorrected and corrected total calcium assays and to establish whether reducing ionized calcium concentrations in these patients improves clinical outcomes.
